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SUMMARY

Performance of accident-tolerant fuel and cladding (ATF) candidates must be
assessed during the pellet-cladding mechanical interaction (PCMI) phase of a
design-basis reactivity-initiated accident (RIA). We describe fiscal year 2019
research activities for the development of separate-effects testing for ATF cladding
candidate iron-chromium-aluminum (FeCrAl) tube specimens under loading
conditions comparable to PCMI.

The first section of this report provides modified burst test (MBT) results for
unirradiated FeCrAl tubes at various pressurization rates and an RIA-relevant
temperature (275°C). The failure strain of FeCrAl was observed and calculated
using a high-speed digital-image-correlation technique developed recently under
the US Department of Energy’s Advanced Fuels Campaign.

To overcome the complexities of performing MBTSs on irradiated samples in a hot-
cell environment, a plane-strain tension (PST) test was proposed as an alternative
method for PCMI testing. The relevance of the PST test as an alternative to an
MBT for irradiated specimens was elucidated based on using the data available in
the literature. We designed a hot-cell compatible PST fixture and a specific holder
for PST hot-cell specimen machining.
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PROGRESS REPORT ON MODIFIED BURST TESTING
AND ALTERNATIVE TEST METHODOLOGIES

1. INTRODUCTION

Cladding candidates for accident-tolerant fuel (ATF) must preserve or improve the current reactor
safety characteristics of light-water reactors (LWRs) during a postulated reactivity-initiated accident (RIA).
RI1As may occur as a result of the ejection of the control rods from the nuclear reactor’s core, which causes
a sudden increase of the fission-rate density in nuclear fuel. The energy associated with the fission-rate
density is deposited in the fuel as well. The temperature of the fuel rapidly increases, and the fuel
experiences isotropic thermal expansion. As a result of the increased temperature, the negative temperature
feedback effect cuts off the fission events. If the fuel-cladding gap is closed or closes during an RIA, the
expansion of fuel induces mechanical strain on the cladding. This is referred to as the pellet-cladding
mechanical interaction (PCMI) phase of RIA. These events occur within 10-100 ms. If the mechanical
strain on the cladding is sufficient, the cladding may rupture. Therefore, assessment of the mechanical
behavior of ATF cladding candidates during the PCMI phase of RIA is vital for the safety of LWRs.

RIAs impose special mechanical loading conditions on cladding tubes. Cladding tubes are expected
to be under a multiaxial (minor-to-major stress ratio (c2/o1) is close to 1) and strain-driven loading with
strain-rates of 1-5 s**. Therefore, mechanical behavior of the irradiated and unirradiated cladding has been
extensively studied with integral and separate-effects tests [1-4]. While integral tests are important for
establishment of acceptance criteria for ATF candidates for RIAs, separate-effects testing can inform both
integral testing parameters and modeling tools for the candidate ATF claddings.

In our earlier report, we investigated the mechanical behavior of ATF cladding candidates for PCMI
performance using a pulse-controlled modified burst test (MBT) and a novel digital-image-correlation
(DIC) approach [5]. Modified burst testing can simulate the strain-driven conditions at RIA-relevant
timescales. However, implementation of MBTs in a hot-cell environment needs extensive research.
Therefore, we proposed the plane-strain tension (PST) test as an MBT alternative in the hot-cell
environment. In this report, we present the MBT results for nuclear-grade iron-chromium-aluminum
(FeCrAl) tubes and related PST test developments, including the relation between modified burst and plane-
strain tension testing in hot-cell environments, specimen machining capability, and design of hot-cell-
compatible fixtures for a universal mechanical loading frame.

2. MODIFIED BURST TEST RESULTS FOR NUCLEAR-GRADE
FeCrAl

As-drawn nuclear-grade FeCrAl alloy (C26M) samples were subjected to an MBT at 275°C.
Samples had a nominal outer diameter of 9.48 mm and a wall thickness of 0.39 mm. Table 1 shows the
nominal value of the alloying elements of C26M.

Table 1 Alloying elements of the nuclear-grade FeCrAl (C26M). Iron is the balance.

Cr Al Mo Si Yt
wt % 12 6.22 1.98 0.2 0.03
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Samples were subjected to various pressurization rates to investigate the effect of the strain rate on
the deformation of these samples. A telecentric lens and high-speed camera system, described in an earlier
ORNL technical report [5], were used with a mirror setup for 360° observation of the deformation behavior
of the sample (see Figure 1). Mechanical strains were determined using a DIC technique. The subset size
was 85 x 85 px2 The DIC-calculated failure strains, shown in Table 2, were calculated to be in the 2.7%—
4.2% range. Current results did not indicate a strong strain-rate effect on the failure strain of the specimens.

Table 2 MBT results for FeCrAl (C26M) tubes

Sample Core-pin speed [in./s (m/s)] Pressurization rate  Failure strain [%]
[GPa/s]
1 (FeCrAI-MBT-13) 5(0.127) 1.5 291
2 (FeCrAI-MBT-11) 10 (0.254) 3.2 2.67
3 (FeCrAI-MBT-9) 25 (0.635) 6.4 3.44
4 (FeCrAI-MBT-10) 50 (1.270) 9.1 4.19
5 (FeCrAI-MBT-3) 80 (2.032) 9.4 3.90

) Thermocouple
1 Before the test 2 Frame before failure

Crack
- .
location

3 Frame during failure initiation 4 Sample Bulges

Figure 1 Deformation of the FeCrAl (C26M) sample tested at a core-pin speed of 25 in/s (0.635 m/s).
Thermocouples were mechanically attached.

3. THE PLANE-STRAIN TENSION TEST FOR PCMI TESTS

PST was initially developed to assess the mechanical response of zirconium-based claddings to
RIA-like conditions [3,6]. The schematic of the PST test is shown in Figure 2a. The sample is pulled apart
by the motion of two cylindrical mandrels. The specimen has a double-edge notched geometry (only on one
side), which imposes near plane-strain loading conditions (see Figure 2b). To induce a strain-driven effect,
the specimen’s gauge section is oriented perpendicular to the loading axis. The loading condition imposes
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a multiaxial stress state at the gauge center of the specimen where the stress biaxiality (62/01) is ~ 0.5 (PST
or internal pressurization). At the notch roots, the 62/c1 becomes 0 (uniaxial tension) [3,6]. This was also
confirmed by finite element analysis (FEA) of the ideal PST test as depicted in Figure 3. The biaxiality
ratio at the gauge center is calculated as 0 and 0.48 at notch roots and gauge center, respectively.

(a) Applied 1211\%<1:> (b)

P4 Specimen —>0.085" 0.085';
Applied Load
7 7,

Grips to

Instron Die Inserts 0.080"®

Pins
\ AppliedLoad = Z T T T T T

0.500°
Applied Load

Figure 2 (a) Schematics of the original plane-strain tension test and (b) the specimen geometry. Note the
gauge section is on the top of the mandrel where the loading direction is perpendicular to the gauge section

[6].

Figure 3 The stress and stress state distribution along the gauge section of the PST sample. ANSYS
Workbench 17.1 is used for the finite element analysis of the PST test. FeCrAl properties are used to
describe the material’s constitutive relations [8]. The curve with yellow dots shows the stress biaxiality.
The red and black curves stand for the major (c1) and minor (o) Stresses, respectively.
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Figure 4 shows the failure strain of the hydrogen-charged zirconium-based cladding tubes as a
function of hydrogen content for various tests [9]. The ring tension and expansion-due-to-compression tests
have a similar loading path, which is uniaxial tension, and the failure strains of both tests are determined
similarly [10,11]. On the other hand, the MBT and PST test are expected to have a near plane-strain tension
loading path, and the resultant failure strains are similar as well [9]. Thus, the comparison of both test results
supports the assertation that PST is a feasible alternative for testing irradiated tube geometries in a hot-cell
environment.
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Figure 4 Comparison of failure strains of various tube tests. Ring-tension and expansion-due-to-
compression tests have the same loading paths [10,11]. The loading paths of the PST test [11] and MBT
[9] are expected to be similar.

Machining of the PST test specimen geometry is performed using a holder made of an aluminum
alloy, as shown in Figure 5. A mill, which is the mock-up of one located in the Irradiated Fuels Examination
Laboratory (IFEL, a hot-cell facility at ORNL), is used for machining the specimen notch from a standard
thin-wall tube geometry. The tube specimen is pushed through the hole of the aluminum holder. The end
mill is aligned perpendicular to the outer surface of the tube and machines the notch. The second notch is
machined by rotating the aluminum part and repeating the cut.
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Notches for mill head

Figure 5 Holder for milling a double-edge notched specimen for PST tests.

We have performed a PST test of a FeCrAl sample using a pin-loading fixture geometry; however,
the fixture would be very difficult to implement in a hot-cell environment to ensure the sample is centered
and does not rotate. A new PST test fixture, shown in Figure 6, was designed for the Instron machine in
IFEL. Use of slots and single-piece mandrels eliminated centering problems. For the sample rotation, the
upper mandrel included two alignment beads having the same notch geometry as the PST sample.

Holder for ==

<+— Guide rod
Instron machine

m | Sample-and-Mandrel
A5 | isslidinto slots

Holder for  amp
Instron machine

Beads for alignment

Upper mandrel

Lower mandrel

™ psT sample

Figure 6 Schematics of the fixtures for the PST test.
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4. SUMMARY AND FUTURE WORK

This report describes the mechanical response of nuclear-grade FeCrAl (C26M) under PCMI-like
deformation and the development of PST tests. Mechanical tests were performed using the pulse-
controlled MBT instrument and the high-speed optical metrology developed recently for the Advanced
Fuels Campaign. Failure strains of nuclear-grade FeCrAl (C26M) were determined to be in the 2.7%—-4%
range. MBT data showed that the strain-rate effect on the failure strain was weak for this specific alloy.

The current MBT instrument and the 360°-DIC provide exceptional capabilities to assess the PCMI
performance of unirradiated cladding. However, implementation in the hot-cell environment is not
practical. Therefore, PST testing is being pursed as an alternative for PCMI testing of irradiated materials.
The recent installation of a universal Instron mechanical frame facilitates PST testing of irradiated
materials in a ho- cell environment. Due to the challenges of implementing a PST test in-cell, development
efforts included sample preparation of double-edge notched specimens using a specific holder and a mill
and a hot-cell compatible fixture design.

Out-cell MBT and in-cell PST test capabilities enable the preselection of cladding candidates based
on failure strains and expected safety limits. Both tests can also inform future experiments on ATF
candidates at the US Department of Energy’s Transient Reactor Test Facility. Thus, unirradiated FeCrAl
testing will be performed using PST tests in current FY. The obtained data from PST will be compared
with the results of MBT. After these tests, PST fixture is expected to be installed in the hot-cell for future
irradiated cladding tests.
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